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Abstract
Cesium chloride undergoes a phase change from the low-temperature CsCI structure to the high-temperature
NaCI structure at about 469°C.l There is a volume increase of about 16% when the NaCI structure appears.1
The nature of the transition is of interest, as are the physical properties of the high-temperature phase. If
sufficient high-temperature phase data are available for CsCI, calculations of the heat of transition can be
made more accurately.
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248 LETTERS TO THE EDITOR 
Linear Thermal Expansion Coefficient 
of the N aCt Phase of CsC! t 
J. M. CHRISTIAN AND D. W. LYNCH 
Institutefor Atomic Research and Department of Physics, 
Iowa State University, Ames, Iowa 50012 
(Received 9 September 1963) 
CESIUM chloride undergoes a phase change from the low-temperature CsCI structure to the high-tem-
perature NaCI structure at about 469°C.l There is a 
volume increase of about 16% when the NaCI structure 
appears.1 The nature of the transition is of interest, as 
are the physical properties of the high-temperature 
phase. If sufficient high-temperature phase data are 
available for CsCI, calculations of the heat of transition 
can be made more accurately.2 
The large volume change at the transition makes 
work with single crystals difficult, the crystals often 
breaking upon heating to only 100°C. Powdered CsCI 
was melted in air and poured into a brass mold coated 
with colloidal carbon. This resulted in polycrystalline 
rods, about 2 in. long and t in. in diameter, with an 
average grain diameter of 1 mm. Samples with larger 
grains than this usually broke during heating before any 
measurements could be made. 
The dilatometer was a high-temperature modification 
of one used previously in this Laboratory.3 It measures 
length changes relative to fused silica by interferometry. 
The correction for the fused silica expansion4 is small. 
As a check, the thermal-expansion coefficient of a single 
crystal of KCI was measured in several 20°C intervals 
between 100° and 400°C. The results were 3% lower 
than the values obtained by x-ray diffraction by Glovers 
in this temperature range. 
The linear thermal-expansion coefficient of the low-
temperature phase of CsCI, aCT) =!:.l/l(T)!:.T, where T 
is the average temperature in the interval !:.T, was 
determined to be 4. 78X 10-5 (CO)-l, between 50° and 
150°C. This is within 5% of the temperature coefficient 
of lattice parameter expansion determined by Menary 
et al.,l4.98X1o-5(CO)-1, 
As the phase change was approached, the length of 
the sample increased too rapidly to follow. The effects of 
the volume change took a long time to anneal out. The 
samples were held at 550°C for several days before 
measurements were begun. The length changes were 
followed as the temperature was cycled back and forth 
between 550° and 600°C. The average expansion co-
efficient between 570° and 590°C in the NaCI phase 
was 5.1X1O-5 (CO)-1 with an estimated error of 10% 
based on the reproducibility. Upon cooling below the 
phase change the samples usually broke. 
Just below the phase change the lattice parameter 
expansion coefficient1 is 6.6X1O-5(CO)-1 and the NaCI 
phase is seen to have a lower expansion coefficient than 
the more closely packed CsCI phase. 
t Contribution No. 1388. Work was performed in the Ames 
Laboratory of the U.S. Atomic Energy Commission. 
1 J. W. Menary, A. R. Ubbelohde, and 1. Woodward, Proc. 
Roy. Soc. (London) A208, 158 (1951). For earlier work see refer-
ences listed in this paper. 
2 M. P. Tosi and F. G. Fumi, J. Phys. Chern. Solids 23, 359 
(1962) . 
3 R. W. Meyerhoff and J. F. Smith, J. Appl. Phys. 33, 219 
(1962) . 
«K. Scheel and W. Heaus, Verhandl. Deut. Physik. Ges. 16, 
1 (1914). 
6 R. E. Glover, Z. Physik 138, 222 (1954). 
On Imaginary Solutions to 
Three-Spin Spectra 
J. R. CAVANAUGH 
Research Department, Socony-M obil Oil Company, Inc. 
Paulsboro, New Jersey 08066 
(Received 17 June 1963) 
I N the course of our investigation of the NMR spectra of thiophene and its derivatives,1 we have discovered 
a peculiarity in the analysis of general three-spin 
systems proposed by Castellano and Waugh.2 Their 
method of solution yields, in general, 40 independent 
sets of three coupling constants, and three chemical 
shifts which are consistent with the observed fre-
quencies. The actual solution may be ascertained by 
comparing the intensities predicted from these sets with 
the observed intensities.3 In any given case, one or more 
of the 40 solutions may contain imaginary quantities 
and are preemptorily discarded on physical grounds; 
however, we have found several cases in which a slight 
change in the input parameters caused some of these 
complex solutions to become real. 
Three-spin spectra may be characterized by three 
quartets associated with the fundamental frequencies of 
the three nuclei and with three combination lines. 
Having established such a grouping from the experi-
mental spectrum, a set of eigenvalues is derived, 
consistent with the given grouping. These eigenvalues 
are the input parameters for the Castellano-Waugh 
procedure leading to the chemical shifts and coupling 
constants. Because of experimental error, the observed 
lines will in general not precisely fit into the required 
quartets and combination lines. In practice, one takes 
an average of the observed frequency spacings and 
derives an idealized, self-consistent set of lines. One may 
call such a set an adjusted set. 
This averaging must be arbitrary to a certain degree. 
One could imagine a large number of such sets, differing 
from each other by small increments but all conforming 
to the observed spectrum within the experimental 
error.4 When one or more lines are missing, or when one 
is unable to resolve lines which lie close together, this 
arbitrariness is increased. Intuitively, one feels that 
this uncertainty would be reflected in the range of 
values one would obtain if all such sets were subjected 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.217 On: Mon, 12 Jan 2015 19:53:48
LETTERS TO THE EDITOR 249 
to calculation. However, in the Castellano-Waugh 
procedure, this is not always the case for the real 
domain. 
Table I lists the observed and two sets of adjusted 
frequencies for pure 2-iodothiophene at 40 Mc/sec. 
The assignment given is indicated from other data. l The 
average deviation between the two adjusted sets is 0.016 
cps. Table II lists the two sets of eigenvalues derived 
from the adjusted sets in Table I with the sum of the 
coupling constants a maximum. 
Eigenvalue set No. 1B yielded two real solutions. 
The one that is consistent with other data follows: 
WA=-6.80, WB= -6.36, Wc= 13.16, 
hc=3.67, 
where A, B, and C are the 5, 3, and 4 protons, respec-
tively, in 2-iodothiophene. The calculated intensities 
agree closely with those observed, with the average 
deviation being 0.15 intensity unit. (The sum of the 
intensities is normalized to 12.00.) 
Eigenvalue set No. 1A yielded no real solutions. The 
roots of the fourth-degree polynomial equation5 are 
®l.2= -1.984528±0.OO4252i; 
® 3.4 = 4.486732±3.538255i. 
Note that the first pair of roots have only a very small 
TABLE I. Observed and adjusted frequencies for pure 
2-iodothiophene in cycles per second at 40 Mc/sec. 
Adjusted 
Line 
assignment Observed" No.1A No.1B 
Comb. -27.34 -27.38 
Al -10.56 -10.59 -10.59 
A, -9.24 -9.23 -9.23 
Bl -8.96 -8.93 -8.94 
B2 -7.56 -7.57 -7.58 
A3 -6.11 -6.14 
A4 -4.78 -4.75 -4.78 
B3 -4.44 -4.43 -4.43 
B, -3.07 -3.07 
C1 9.20 9.18 9.21 
Comb. 11.99 12.00 12.01 
C'} 13.66 13.66 13.66 
C3 13.68 13.72 
Comb. 15.36 15.34 15.37 
C, 18.16 18.16 18.17 
Average deviation 0.016 0.016 
from observed 
~ 8. The frequencies are given to the nearest hundredth of a cycle per second, 
although the results are accurate to only 0.03 or 0.04 cps. 
TABLE II. The sets of eigenvalues for 2-iodothiophene for 
the adjusted sets in Table I. 
Eigenvalue No.lA No.1B 
El 2.585 2.58 
J':2 -15.575 -15.59 
E3 5.655 5.65 
E4 7.335 7.36 
Eo 11. 765 11. 79 
E6 -8.005 -8.01 
E7 -6.345 -6.36 
Es 2.585 2.58 
imaginary component. The corresponding pair be-
longing to set No. 1E are ®l = -1.980775 and ®2= 
-1.987980. 
The algebraic calculation used in the analysis may be 
viewed as a mapping or a transformation whereby 
points representing the input parameters in a multi-
dimensional space are mapped into points representing 
the solutions in a multidimensional complex space. 
Since many different sets of eigenvalues can be con-
structed from a given grouping within the experimental 
error, there will be a corresponding number of points in 
the input param.eter space, constituting an error vol-
ume. This volume is then mapped into four corre-
sponding volumes in the solution space because there 
are four solutions to each set of eigenvalues. In the 
example cited, two such volumes in the solution space 
include both the real and the imaginary domain. 
The first pair of solutions to the A set were complex 
and normally would have been discarded. Yet it is clear 
from the above that they must be considered to belong 
to error volumes in the solution space which also 
include real and, in principle, acceptable solutions. In 
fact, one of these real solutions turned out to be the 
actual solution to the problem. 
It is apparent, therefore, that care must be exercised 
in simply discarding all complex solutions. This is 
especially true when the calculation is carried out by 
computer techniques which automatically reject any 
set which contains imaginary quantities. A similar 
situation was found to exist with 2-chlorothiophene in a 
10% solution in CC14 at 60 Mc/sec, so that this phe-
nomenon appears to apply in more than an isolated 
case. 
I J. R. Cavanaugh, P. L. Corio, and P. S. Landis, "The NMR 
Spectra of Thiophene and Its Derivatives," J. Am. Chern. Soc. 
(to be published). 
2 S. Castellano and J. S. Waugh, J. Chern. Phys. 34, 295 (1961). 
3 Several sets may agree with the observed intensities. These 
may be distinguished by running the spectrum at a different fre-
quency or in a solvent which appreciably changes the chemical 
shifts. 
4 In principle, an infinity of such sets could be constructed by 
making the next set differ only infinitesimally from the previous 
set. 
6 Compare Ref. 2, p. 298. 
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